Setup for microwave stimulation of a turbulent low-swirl flame 
Introduction
Research on plasma-assisted combustion (PAC) has attracted increasing interest the last decade due to the potential of combustion enhancement and control in power generation [1, 2] . PAC would serve as a valuable tool in damping the formation of combustion instabilities that are typically encountered in combustors with premixing of fuel and air for dry low emissions [3] . Implementing PAC would allow stable operation on even leaner gas mixtures than today, which would lower NO x emissions. The downside of the lean operation and the inherent instabilities is twofold, since, a short term consequence is that mechanical instabilities cause severe hardware damage that may result in increasing cost. Further, the long term result is increased emissions with higher quantities of unburned hydrocarbons, which are known to be a far more effective greenhouse gas than carbon dioxide [4] . Low emission operation for cases of varying fuel quality as well as rapid changes in load could also be mitigated with PAC, i.e. better control of the combustion efficiency.
Most experimental investigations of PAC have been carried out on laminar flames. Investigations on laminar flames aim at providing experimental data that could be compared to chemical kinetics data from well-established low-dimensional modeling tools, such as CHEMKIN [5] and Cantera [6] .
Detailed studies of such flames have proven to elucidate issues of e.g. laminar flame speed enhancement which can be used to distinguish the underlying physiochemical phenomena of plasma-assisted combustion. However, combustion devices for large-scale power generation are based on turbulent combustion, where the combustion kinetics and fluid dynamics are intimately coupled. Therefore, experimental designs for electric stimulation of swirl stabilized turbulent flames needs to be investigated to understand the full effects of PAC in conditions that are adequate for power generation. This is of specific importance since the stimulation effects of plasmas depend on experimental conditions such as, for example, equivalence ratios and reduced electric field strengths [7] . Both these parameters vary significantly in turbulent flames where local variations in equivalence ratio and temperature alter the different conditions in combustion enhancement and thereby introduce new challenges on experimental designs.
There are a few ways to affect combustion with electricity such as for example high voltage discharge and microwave radiation. Compared to discharges there are certain advantages of using microwaves to study kinetic enhancement on combustion such as that microwaves are rapidly oscillating electric fields and thus do not cause combustion enhancement effects due to ionic wind and charged particle flux. For practical reasons microwave stimulation does not require electrodes in the vicinity of the flame which is favorable since electrodes have a certain lifetime in harsh environments that would result in degrading performance. In addition, microwave stimulation can be designed to have a volumetric effect which is ideal in studies of turbulent flames that indeed are volumetric objects without compromising with the flow symmetry.
Previous investigations that have been carried out at atmospheric conditions assert that continuous microwave stimulation of laminar flames have shown positive effects on the combustion [8] [9] [10] [11] [12] [13] .
Stockman et al. [8] report on a distinct increase in laminar flame speed in a methane/air flame by electric stimulation without forming a plasma discharge. By performing filtered Rayleigh scattering (FRS) they show a temperature increase just outside the flame zone of roughly 120 K. In two publications [9, 10] , Shinohara et al. carried out laminar flame studies with electric field strengths below plasma formation. They also concluded on effects on laminar flame speed and found no sign of thermal heating from the spectral signatures of CH* and OH* flame chemiluminescence. Further, they reported an increase in flame chemiluminescence in the presence of microwaves and they measured the relaxation time of this additional signal intensity as they switched off their microwave system where time constants were found around 0.35-0.4 ms for their system. Rao et al. presented work where they defined the effects on the flame in different regimes depending on the amount of electric power that was added to the flame [13] . In regime 1, which is below plasma formation, both stability and laminar flame speed were enhanced which the authors attributed to thermal heating and in-situ reformation. As the microwave power was increased, a plasma was formed in the flame region. The plasma could be sustained without combustion and was therefore suggested to work as a flame holder in practical applications. A study by Zaidi et al. was carried out on a turbulent jet flame which was stabilized by a hydrogen pilot flame. Zaidi et al. demonstrated effects of microwaves absorption on flame chemiluminescence data, with electric field strengths below breakdown threshold [12] .
The design that is presented here aims at performing experimental studies of electrical stimulation of a freely propagating turbulent flame using microwave radiation. The setup allows investigations of flame chemiluminescence and laser based diagnostics with simultaneous monitoring of microwave absorption. Measurement results are presented for two different microwave power regimes, where the high power stimulation forms a swirl-stabilized plasma in the post-flame region. The plasma is sustained in the post-flame region by absorbing microwave energy resulting in increased exhaust-gas temperatures and strong plasma emission. In the low-power regime, below plasma formation, microwave stimulation shows a positive effect on the turbulent flame which indicates a kinetic enhancement of the turbulent flame speed.
Experimental setup
An overview of the experimental setup is shown in Figure 1a consisting of a microwave system including an alumina microwave cavity housing (Figure 1b) , a low-swirl burner (Figure 1c ) that operates with a co-flow and an optical measurement system.
Microwave system
The microwave system consists of an industrial magnetron (National Electronics GA15MP, 2.45 GHz) including a circulator and a load to absorb reflected power, sensors for incident and reflected power and a three stub tuner. The magnetron is capable of delivering up to 15 kW of microwave power into a matched load. Electric-field sensors that are built into the circulator were used to monitor the incident and reflected microwave power. The damping of the signals was 63 dB between the sensors and the oscilloscope (LeCroy Wavemaster 8300). A maximum sampling rate of 20 G samples/s for two channels from the oscilloscope provides about eight sampling points per period for the microwave fields. Standard aluminum WR430 waveguides (with an inner width of 4.3") were used to transfer the microwave radiation from the magnetron to the alumina resonator. The aluminum chamber (see Figure 1b) has two slits, located at opposite sides on the aluminum cavity, for input and output of laser beams. The height and width of the slit is 200 mm and 10 mm, respectively. The inlet slit is equipped with an alumina tube (length=50 mm and width=20 mm) that can be moved along the slit to provide laser measurements further downstream of the flame front. The inlet slit is sealed apart from the alumina tube preventing microwave leakage but still allow for laser access inside the aluminum resonator. A microwave sealed beam dump is mounted onto the output slit to minimize scattered laser light in the chamber. A visualization view port (150x50 mm 2 ) is located in-between the two slits for 90° detection of the laser induced signal. This view port is shielded by the use of two metallic meshes. Two metallic meshes are used to create a resonant cavity around the flame. The lower mesh is located just above (sub-mm) the burner nozzle which then defines zero on the Y-axis.
The microwave mode pattern inside the resonator was experimentally investigated at the bottom of the chamber using temperature sensitive liquid crystal sheets (Edmund Optics). The mode pattern was mapped by a regular photography camera (Canon D650) through the view port and a projection image with proper scaling was constructed through image analysis, displayed in Figure 1d . A capacitive sensor is mounted in the wall between the view port and the inlet slit for the laser (see the red cross in Figure 1b) . The sensor was used to determine variations in local electric field strength during operation for different flame conditions. 
Low-swirl burner
The influence of microwave stimulation on a lean premixed lifted swirl stabilized flame was investigated using a low-swirl burner [14] . A semitransparent sketch of the low-swirl burner nozzle is displayed in Figure 1c . The low-swirl flow is created by an outer annular swirler, with eight swirlvanes, in combination with an inner perforated plate [14] . About 60% by volume of the mixture pass through the swirler and 40% through the perforated plate [14] . After passing the swirler assembly premixed methane/air discharges through a 50 mm nozzle into the aluminum resonator cavity (300 mm in diameter) with an air co-flow of 0.4 m/s. The resulting outflow from the nozzle has an inner low velocity non-swirling region (-10 mm < r < 10 mm, where r is the radius) and an outer region with higher axial and tangential velocities [14] [15] 
Optical arrangement
The optical arrangement for planar laser-induced fluorescence (PLIF) measurements is displayed in Figure 1a . Two laser systems were used to simultaneously study the spatial distribution of CH 2 Altogether, these investigations indicate that the most significant variation in microwave absorption is due to the flame itself which is an unstable turbulent hot object with high amounts of charged species compared to the surrounding air. Further, the flame volume and the charge particle distribution increase as a flame absorbs microwave power which affects the microwave mode pattern.
A thermocouple, located just above the center of the upper metallic mesh (at height 55 cm), was used to monitor the gas temperature of the exhaust gas. An increase in the exhaust gas temperature was noticed as the flame started absorbing microwave energy. The increase of the exhaust gas temperature correlated well with the amount of energy that was absorbed by the flame. The reflected microwave power as well as the exhaust gas temperature was used as an indicator of good microwave coupling when the stub tuners and the resonator geometry was tuned to achieve high microwave stimulation. An increase in the incident microwave power increased the electric field strength inside the cavity for an accurately tuned resonator. High enough electric field strengths caused breakdown in the flame if the cavity modes were properly tuned. Such an event was captured with a high-speed camera and four images are displayed in Figure 5 . Breakdown occurred in the vicinity of the flame front since the reduced electric field scales linearly with temperature (at constant pressure) and because the number of free electrons is higher at the flame front [16] . The breakdown occurred in the flame when a strong microwave electric field were employed, see Figure 5 at t = 0. In addition, a strong electric field could cause the free charges in the initial small plasma to accelerate and create a charge particle avalanche. The avalanche enables the plasma to grow as displayed in Figure 5 at times t = 12.1 and 24.2 ms. After further microwave absorption a fully developed flow-stabilized plasma anchored in the product region of the flame which was seen after about 36 ms. Note that this is lineof-sight data and therefore the position of the breakdown in the image is concomitant with an unresolved three dimensional effect. Hence, the absolute height where the breakdown occurred cannot be related to a vertical position in these images. Such tests were used to achieve good alignment between the flame and the mode pattern of the microwave at the measurement condition of interest. In cases where this alignment is off, breakdown could occur close to sharp metal edges inside the resonator due to local field enhancement at higher microwave input powers. Measurements were also conducted when a fully developed plasma interacts with the flame. The presence of such a plasma creates an increased thermal expansion that influences the flame volume and moves the flame front closer to the burner nozzle. The OH-signal is clearly enhanced whereas the formaldehyde seems unaffected by the plasma. The preheat zone appears closer to the plasma when the equivalence ratio is decreased and the flame can actually be removed leaving the swirl stabilized plasma freely propagating in the swirling flow. The exhaust gas temperature substantially increased when such a plasma was formed and spectroscopic analysis of the plasma emission shows large signals of OH and also spectral features of NO. Both images in Figure 6 show PLIF signals from OH and CH 2 O of a microwave stimulated low-swirl flame. The microwave input energy is ~2.4 kW in both conditions, which is right at the limit of plasma formation in these conditions. The emission from the plasma is extremely intense so that the gated detection is not sufficient to suppress the plasma emission which is displayed in the right panel in Figure 6 . 
Discussion
The microwave absorption by the flame could be estimated by measuring the incident and reflected microwave power. However, the absolute amount of energy that is absorbed by a large turbulent flame is not straight forward to quantify. In addition, the energy that might be absorbed by another sink than the flame is also hard to estimate since the microwave mode pattern is changed when the flame is turned off. Then again, most of the energy is reflected when the system is operating in absence of the flame and therefore a second sink term is neglected when the amount of absorbed energy is estimated in this current investigation. As mentioned in previous publications, e.g. Zaidi et al. [12] , where a flame is inserted into a resonator, system tuning is critical for since the electron density and collisional frequency is rather low compared to a good conductor, such as a metal. In a flame, the collision frequency, , will be on the order of 10 12 Hz at atmospheric pressure conditions according to calculations using the software Bolsig+ [19] . The background electron density in a propane/air flame was measured by McLatchy to about 3.5 ﹡10 17 m -3 [16] .
Some work indicate slightly lower electron densities in a methane/air flame [20] [21] [22] giving a penetration depth of 1/ ≈0.22. I.e. the amplitude of the electric field is attenuated by 1/e at a distance of 22 cm into a medium with and as given above. The value for electron density used here is not valid for the entire flame since the main electron production occurs in a limited region through the chemiionization process: CH + O -> HCO + + e -. Altogether, the penetration depth explains, at least in part, the modest microwave absorption of smaller flames [12, 16] contrary to the stronger absorption that is achieved with a larger flame which momentarily can go up above 50%.
Miles and coworkers have shown an increase in absorption to about 60% when using pulsed microwaves with high peak powers [23] . The high peak power in those experiments gives rise to much higher electron density and temperature than in the experiments reported here and this is most probably the explanation for the high microwave absorption reported. In summary, pulsed microwave stimulation of larger flames should yield rather high absorption, making microwave stimulation an attractive solution for plasma-assisted combustion under technically relevant conditions.
Enforcing plasma ignition in the flame serves an excellent instrument of optimizing the spatial overlap between the flame and the microwave mode patterns. Such tests can be performed at the measurement conditions of interest and this is crucial since the flame affects the mode pattern.
However, the fully developed plasma that stabilizes in the product region seems to mostly affect the flame front by gas heating since it is located downstream of the flame front with which the plasma has minor interaction. This should, in principle, be the case for continuously fed hot plasmas for combustion enhancement because the flame is adjusting to the gas heating plasma. Hence, the flame front cannot overlap with the plasma if the gas is hot enough to ignite the combustible gas mixture.
Such issues can obviously be avoided by using a pulsed high voltage source if the flame dynamic is much slower than pulsed discharges or microwave pulses. In addition, gas heating is minimized by using short pulses [23] , which have been investigated by Miles and coworkers [24] . A somewhat alternative approach was used by Rao et al. [13] who achieved strong electric fields by utilizing local field enhancement. On one hand, local field enhancement occurs close to sharp metal edges which then preclude electric field stimulation of freely propagating flames. On the other hand, as is stressed by the authors, this design is more relevant for flame stabilization and combustion control and the strongest field enhancement is found fairly far upstream in the combustible gas mixture flow.
Spectral signatures of flame chemiluminescence of OH* and CH* were observed to have the same shape with and without microwave stimulation (as long as no breakdown occurs). The unaffected shapes of the spectra were also reported by Shinohara et al. [9] who interpret this as indications that the local temperature was unaffected by microwave stimulation. Assessing flame temperatures from flame chemiluminescence is a rather rough approach since it is based on line-of-sight information that will be affected by self-absorption in the flame. Spectral studies of flame chemiluminescence from CH*, however, have been proposed for estimation of flame temperatures in e.g. Gaydon [25] even though it is not obvious what kind of temperature information CH* emission actually displays.
More rigorous attempts to determine flame temperatures were carried out by Stockman et al. using
filtered Rayleigh scattering (FRS) [8] . They reveal a temperature increase with microwave stimulation of around 125 K just out of the flame front of a lifted laminar methane/air flame where the temperature was around 2000 K. This is actually close to the position where CH* is formed [26] indicating that there probably is a moderate increase in local temperature even though the shape of the emission spectra seems unaffected from microwave stimulation. The substantial increase in exhaust-gas temperature is evidently a result from microwave stimulation which is seen to increase the chemical activity of the flame.
The local equivalence ratio is highest at the leading edge of the low-swirl flame whereas additional air is being entrained into the fuel stream along the flame brush. This stratification results in a reduction of the local equivalence ratio with height at the edges of the flame. As microwave stimulation can increase the chemical activity the effect of the stratification can be reduced making the flame broader. In addition, an increased flame speed also affects the mean position of the flame base and hence, the flame is stabilized closer to the nozzle when microwave stimulation is established (see Figure 1e ). This increased flame activity results in a larger flame volume and a more stable flame, which is evident from Figure 7 and Figure 8 .
Concluding remarks
A setup for conducting investigations of microwave stimulated combustion on turbulent large scale swirl-stabilized flames is demonstrated and employed. The flame is kept inside a microwave aluminum cavity with the microwave mode pattern optimized to overlap with the flame position.
Optical measurements were conducted with simultaneous monitoring of the incident and reflected microwave fields, which is utilized to estimate the microwave absorption by the flame. The dynamic nature of the flame is reflected in temporal variation in microwave absorption by the flame where high peak values are noticed for the absorption (above 50%).
Tests were also performed with higher electric fields that causes breakdown in the flame. These tests
show that a swirl-stabilized plasma can be generated and supported by microwave energy in the product region of the flame. The hot plasma pushes the flame closer to the nozzle due to thermal expansion and the gas heating is significant enough for the plasma and the flame front never to directly interact. The two pools of radicals, from the plasma and the reaction zone, never overlap since the temperature in the vicinity of the plasma is hot enough to ignite the flame from the postflame side.
Clear effects of microwave stimulation on the large turbulent flame characteristics are summarized as: (1) the flame stabilizes closer to the burner nozzle, (2) the flame volume is increased and (3) the exhaust gas temperature is increased. Altogether, these are all effects that are of utmost interest in combustion enhancement and control.
